In females, most genes on the X chromosome are generally assumed to be transcriptionally silenced on the inactive X as a result of X inactivation. However, particularly in humans, an increasing number of genes are known to ''escape'' X inactivation and are expressed from both the active (Xa) and inactive (Xi) X chromosomes; such genes reflect different molecular and epigenetic responses to X inactivation and are candidates for phenotypes associated with X aneuploidy. To identify genes that escape X inactivation and to generate a first-generation X-inactivation profile of the X, we have evaluated the expression of 224 X-linked genes and expressed sequence tags by reverse-transcription-PCR analysis of a panel of multiple independent mouse͞human somatic cell hybrids containing a normal human Xi but no Xa. The resulting survey yields an initial X-inactivation profile that is estimated to represent Ϸ10% of all X-linked transcripts. Of the 224 transcripts tested here, 34 (three of which are pseudoautosomal) were expressed in as many as nine Xi hybrids and thus appear to escape inactivation. The genes that escape inactivation are distributed nonrandomly along the X; 31 of 34 such transcripts map to Xp, implying that the two arms of the X are epigenetically and͞or evolutionarily distinct and suggesting that genetic imbalance of Xp may be more severe clinically than imbalance of Xq. A complete X-inactivation profile will provide information relevant to clinical genetics and genetic counseling and should yield insight into the genomic and epigenetic organization of the X chromosome.
X
chromosome inactivation is an extraordinary example of coordinate gene control, resulting in transcriptional silencing of most of the several thousand genes on one X chromosome in mammalian females (1, 2) . However, X inactivation is not completely panchromosomal, as evidenced by the increasing number of genes that ''escape'' X inactivation and are expressed from both active (Xa) and inactive (Xi) chromosomes (3, 4) . Such genes reflect different epigenetic responses to X inactivation, determination of the basis for which will be important for dissecting mechanisms of X inactivation. In addition, genes that escape inactivation also have clinical significance as candidates for phenotypes associated with X aneuploidy.
Many approaches have been used to determine whether an X-linked gene is subject to or escapes from inactivation (reviewed in refs. 2, 5) . These include analysis of protein polymorphisms to distinguish Xa and Xi expression (6) , detection of mosaic expression of a protein in tissues of heterozygous carriers of X-linked disorders (7) (8) (9) , or comparison of protein or transcript levels among individuals with different numbers of X chromosomes (10) (11) (12) (13) .
Although these approaches are suitable for studying individual genes, determination of a comprehensive X-inactivation profile of the entire chromosome requires analysis of a large number of genes by using a relatively high-throughput assay. Therefore, we and others have analyzed gene expression from human Xa or Xi chromosomes in rodent͞human somatic cell hybrids as a direct measure of a gene's inactivation status. This method does not require distinction of transcripts on the Xa and Xi and is applicable to all genes that are expressed in these cells (that is, generally all genes that are expressed in fibroblasts). With this approach, each gene is assayed by reverse transcription-PCR (RT-PCR) to determine whether expression is detected only from hybrids retaining Xa chromosomes, in the case of a gene that is subject to X inactivation, or from both Xa and Xi hybrids, indicating a gene that escapes from X inactivation (4, (14) (15) (16) (17) (18) .
In this study, we have determined the X-inactivation status of 224 X-linked genes and expressed sequence tags (ESTs) by RT-PCR analysis of a panel of multiple Xi hybrids. Together with published information on 23 additional genes, this initial X-inactivation profile is estimated to represent Ϸ10% of all X-linked transcripts. Of the transcripts analyzed in this study, 34 were expressed in as many as nine Xi hybrids and thus escape inactivation. The genes that escape inactivation are nonrandomly distributed, with the majority of such transcripts mapping to Xp. This distribution suggests that the two arms of the X differ not only in their evolutionary origin (19, 20) but also with respect to epigenetic regulation and implies that genetic imbalance of Xp may be more severe clinically than imbalance of Xq. A complete X-inactivation profile will provide important information for medical genetics and also will provide insight into the role that the genomic organization of the X plays in the regulation of epigenetic silencing on the chromosome.
Materials and Methods
Identification of Genes͞ESTs Used in These Studies. The genes and ESTs identified through the Unigene database (http:͞͞ www.ncbi.nlm.nih.gov͞UniGene͞Hs.Home.html) each represent unique Unigene clusters and therefore are presumed to represent independent transcripts. Additional genes or ESTs are from the literature. All ESTs were additionally subjected to BLAST searches (http:͞͞www.ncbi.nlm.nih.gov͞BLAST͞). For cases in which several overlapping ESTs were identified, only one was included in this study. The distribution of the genes assayed in part reflects the current gene distribution in Unigene, including particularly ''gene-rich'' regions in Xq28 and Xp11. A small number of the genes tested had been previously reported by others to be subject to or to escape X inactivation on the basis of studies of one to four Xi hybrids (e.g., 16, 21, 22) . These genes were reanalyzed in our studies to address potential heterogeneity that may not have been detected previously but would be addressed by assaying a larger panel of Xi hybrids. The genes͞ ESTs analyzed in this study are listed in Table 1 , and additional information regarding each gene͞EST analyzed, including PCR primers and assay conditions, is available as supplemental material on the PNAS web site (see www.pnas.org). All data are also available from a periodically updated database at our web site (see http:͞͞mediswww.meds.cwru.edu͞dept͞genetics͞willard. html).
X-Inactivation Assays in Somatic Cell Hybrids. Most of the somatic cell hybrids used for these studies have been previously described or were generated by using established protocols (4) . Somatic cell hybrid cell lines were maintained, and RNA and DNA were prepared as described (4) . For expression assays, cDNA corresponding to 25-250 ng of total RNA was used for amplification reactions. All RNA samples were DNaseI treated before reverse transcription to eliminate any contaminating genomic DNA in RNA preparations. The data reported here subsume and extend data reported previously from our laboratory on a more limited series of hybrids (4, 14, 18, 23) .
Integration of X-Inactivation Data and Mapping Information.
Radiation hybrid data were available for most of the Unigene genes͞ESTs (see http:͞͞www.ncbi.nlm.nih.gov͞genemap98). To integrate physical and radiation hybrid mapping information, physical map distances for genes, ESTs, and the markers used to anchor radiation hybrid maps were based on the Integrated 3 Map from the integrated X chromosome database (see http:͞͞ ixdb.mpimg-berlin-dahlem.mpg.de). Although most markers could be assigned to a Ϸ5-megabase bin on the chromosome, because radiation hybrid map distances are based on statistical probabilities and carry inherent uncertainty, some genes͞ESTs may actually map to an adjacent interval. Pericentromeric ESTs were more precisely mapped within contigs generated in this laboratory (ref. 24 and M. Schuler, personal communication).
X-Inactivation Assays of Transcribed Polymorphisms in Nonrandomly
Inactivated Fibroblast Cell Lines. The panel of 40 primary fibroblast cell lines that are nonrandomly inactivated because of the presence of a structurally abnormal chromosome has been described (25) . Assays to differentiate alleles and to determine the relative expression of each allele were developed as described (25) . Briefly, a single-cycle primer extension with a 32 P-labeled primer was performed before restriction enzyme digestion to prevent heteroduplex formation from complicating analyses. Band intensities were quantitated on a PhosphorImager (Molecular Dynamics). A polymorphism in the EST stSG9723 was identified by comparing EST sequences deposited in GenBank. After amplification with stSG9723-F2: CCACATCTAGATT-TCAACCTCC and stSG9723-Bst: GGAAAAAGGAAGGAG-CAGGTAAC, alleles were distinguished by digestion with BstEII. To analyze the human homologue of a Drosophila suppressor of position effect variegation, SUVAR39H (WIAF-1863) (26) , samples were amplified with SUVAR39-F: GCAT-AGGGTTGAGGGGTGTA and SUVAR39-R2: TTTGTGCT-CACCCTGGTTC and alleles distinguished by digestion with MspI. The polymorphism in the Drosophila fat facets gene homologue, DFFRX (WIAF-572) (26) , was tested by amplification with DFFRX-1: ATGAGACCCTGCTTTGAACG and DFFRX-2: TTCCCTTCTGTTGGATCCC, followed by BsaJI digestion to differentiate alleles.
Results
Of the total of 224 X-linked transcripts tested, Ϸ65% represent known protein-coding genes or full-length transcripts with ORFs. The other Ϸ35% are ESTs. On the basis of their map positions on the X, we estimate that no more than 5% of these may represent nonindependent transcripts. The density of genes and ESTs analyzed in each interval on the chromosome (Fig. 1 ) largely reflects the distribution of genes on current transcript maps of the X chromosome (27) and accentuates particularly gene-rich regions such as Xp11 and Xq28 (28, 29) and the gene-poor region Xq21 (30, 31) .
To determine their X-inactivation status, genes were assayed in five to nine rodent͞human somatic cell hybrids, each containing a different cytogenetically normal human Xi. Overall, nearly 80% of the genes or ESTs tested (175͞224) gave completely concordant results in all hybrids tested; that is, they were either expressed in all Xi hybrids tested (28 transcripts) or silenced in all Xi hybrids tested (147 transcripts) ( Table 1 ). An additional 36 transcripts gave concordant expression patterns in all but one or two hybrids; these one-exception and twoexception categories included genes, for example, that were expressed in eight of nine Xi hybrids tested or in only one of nine hybrids tested. Because the distribution of these genes was nonrandom on the chromosome (Table 1 and see below), we have considered these data as indicating the likely X-inactivation pattern of these particular genes. Thus, overall, of the 224 transcripts tested, 177 appear to be subject to inactivation, whereas 34 escape inactivation (Table 1, Fig. 1) . Notably, the status of only 13 genes (6%) was indeterminate, because they were expressed in about half of the hybrids tested. As also described elsewhere (4, 25, 32) , such heterogeneous patterns may reflect a naturally occurring heterogeneity in human cells (as demonstrated for the REP1 and TIMP1 genes; refs. 25, 32), *Numbers in parentheses reflect number of genes of the total that were concluded to be subject to inactivation despite being expressed in 1 or 2 of the Xi hybrids tested, as discussed in the text. † Numbers in parentheses reflect number of genes of the total that were concluded to escape inactivation despite absence of expression from 1 or 2 of the Xi hybrids tested, as discussed in the text. ‡ Number of genes that show heterogeneous patterns of X inactivation, defined as being expressed in three to six of the nine Xi hybrids tested.
occasional reactivation of human X-linked genes in somatic cell hybrids, and͞or an innately unstable epigenetic state. Fig. 1 combines the data reported here with published information on approximately two dozen additional X-linked genes (12, 15, 16, 22, 32-41) . Notably, the distribution of genes that escape X inactivation is decidedly nonrandom. For all three categories of genes considered (those that were completely consistent in all hybrids tested as well as the one-exception and two-exception classes), there were many more genes that escape X inactivation on Xp than on Xq. Considering all genes examined, 30% of the genes tested on Xp escaped inactivation, whereas less than 3% of the genes on Xq escaped inactivation (Table 2 ). In part, this nonrandom distribution reflects a large cluster of genes in and adjacent to the pseudoautosomal region in the distal 15-megabases of Xp, all of which are at least partially expressed from the Xi (42) (Fig. 1 ). Because all of these genes may have been pseudoautosomal at one point during evolution (43) , their expression patterns may be an epigenetic relic of their evolutionary origin. Even excluding these genes, the proportion of genes on Xp that are expressed from the Xi (Ϸ21%) is still significantly higher than the number on Xq (Ϸ3%) (P Ͻ 0.001). Other evolutionary studies have concluded that much of human Xp was originally autosomal and was added sometime after marsupials and placental mammals diverged from a common ancestor (19, 20) . Because autosomal genes are not normally dosage compensated, our data suggest that many Xp genes may not have acquired the ability to be inactivated and further indicates that the genomic organization of sequences on Xq differs in a characteristic but yet unknown way from genes on Xp or on autosomes (44) .
To confirm our findings for some of the genes that are included in the profile, several genes were tested in a complementary system by assaying expressed polymorphisms in a large panel of primary diploid human fibroblast cell lines from individuals with nonrandom X inactivation (25) . Monoallelic expression in these cell lines indicates that a gene is subject to inactivation (e.g., SUVAR39H in Fig. 2) , whereas biallelic expression demonstrates that a gene is expressed from both the Xa and Xi (e.g., stSG9723 in Fig. 2) . Notably, for two Xp genes that escape inactivation in the hybrid system, the human fibroblast data, though limited, were in complete agreement ( Table 2 , Fig.  2) . Overall, for the 10 X-linked genes tested in this system ( Table  2 , Fig. 2, and ref. 25) , expression patterns in fibroblasts were fully consistent with the results from Xi hybrids.
Discussion
The current study is the most extensive to date (in terms of both the number of genes assayed and the number of hybrids scored) and allows us to evaluate the suitability of the hybrid model system for analyzing X-linked gene expression. Previous reports have suggested that somatic cell hybrids may not recapitulate all features of X inactivation, because gene reactivation after treatment with demethylating agents occurs at a higher frequency in hybrids than in human diploid cells, and as XIST RNA is poorly localized to the Xi in hybrids (45) (46) (47) (48) (49) . The data presented in this report, however, give credibility to the hybrid system, because Ϸ150 genes tested are stably inactivated. Additionally, the observation that a disproportionate number of the genes that escape inactivation are located on Xp argues strongly either that X-inactivation status is a stable feature of individual genes, whether in human or hybrid cells, and͞or that the propensity of such genes to reactivate at high frequency in hybrids is determined, in large measure, by their map location on the X.
Thirteen additional genes tested showed heterogeneous patterns, being expressed in approximately half of the Xi hybrids tested (Table 1) . Such heterogeneity has been demonstrated in human cells for the REP1 and TIMP1 genes (25, 32) , but may also reflect occasional reactivation of X-linked genes in somatic cell hybrids. That such patterns are relatively rare further demonstrates that the inactivation status of most X-linked genes is highly stable and is well maintained in somatic cell hybrids and implies, as a corollary, that the mouse͞human somatic cell hybrid system is a faithful reporter of X-inactivation status (4). If documented, reactivation in somatic cell hybrids of a specific subset of X-linked genes would argue that Xi hybrids will be an important system to tease apart the epigenetic features required for maintaining inactivation of these specific genes. Nonetheless, because gene reactivation may occur at a higher (albeit still low) level in hybrids (50), it seems advisable to base conclusions about inactivation status on results from multiple independent Xi hybrids.
The X-inactivation profile presented here has implications for understanding both chromosomal mechanisms of X inactivation and the role that X inactivation plays in individuals with X aneuploidy and in female carriers of X-linked disorders. The X-linked genes analyzed here and elsewhere (12, 15, 16, 22, (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (Fig. 1) represent an estimated 10% of the genes expected to be on the chromosome (27) , and accordingly several considerations must be taken into account to extrapolate these data to the entire X chromosome. The overall estimate that nearly 35% of Xp genes escape inactivation (considering all genes shown in Fig. 1 ) may be inflated by the unique charac- Fig. 1 . Another feature of X inactivation that may influence estimates are mechanism(s) of escape from inactivation. In addition to Xp22.3, genes that escape inactivation are clustered in at least two other regions of the chromosome, suggesting that at least for these genes, X-linked gene expression is controlled at the level of chromosomal domains (3, 18, 23) . Regional control has not been addressed for other genes that escape inactivation and may increase estimates, as more closely linked genes are analyzed in the future. On the basis of these considerations, it is possible that there are hundreds of genes that are expressed from the Xi chromosome. Because many of these genes do not have Y-linked homologues (3, 51, 52) , this finding suggests that strict dosage compensation may not be necessary for all genes on the chromosome. Nevertheless, the large number of genes that escape inactivation and their nonrandom distribution on the chromosome has implications for counseling individuals with structurally abnormal X chromosomes and predicts that aneuploidy for Xp would be more severe than aneuploidy for Xq. Indeed, relatively mild or normal phenotypes have been reported for several cases of 47,XX, i(Xq) (with four copies of Xq arm material and only two copies of Xp), in contrast to the severe mental retardation and dysmorphism seen in females with a 48,XXXX karyotype (with four copies of both Xp and Xq material) (53, 54) .
In contrast to the human X chromosome, it has been suggested that fewer genes are expressed from the mouse Xi (55) . However, the number of genes that have been tested in mouse is quite low (3, 55, 56) and has been restricted mainly to homologues of the human genes that escape inactivation. This present study of human Xlinked genes suggests that location on the X may be a primary determinant as to whether a gene will escape inactivation. Because there have been multiple evolutionary rearrangements between mouse and human X chromosomes (57) , comparisons between species should be made with caution. Ultimately, the question of how many mouse X-linked genes escape inactivation will be addressed only by an extensive profile of a large number of mouse genes, selected without reference to their human counterparts.
Finally, with the increasing availability of genomic resources (26, 27, 58) , a comprehensive X-inactivation profile of the entire X chromosome is a timely and logical extension of the human X genome project. Such a profile will integrate the nucleotide sequence of the chromosome with a functional understanding of how the chromosome behaves as part of the X-inactivation process. Given the range of patterns of X-linked gene expression demonstrated here and elsewhere (4, 25) , a complete profile of the X chromosome will benefit from the two complementary approaches illustrated here, screening both a large number of Xis isolated in somatic cell hybrids and a large panel of nonrandomly inactivated human fibroblast lines. The complete X-inactivation profile should provide relevant clinical information as well as give insight into the genomic and epigenetic organization of the X chromosome.
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